I. INTRODUCTION Figure 1 shows efficiency status and limitations of various types of single-junction solar cells. Although 25% and 28.8% efficiencies have been attained with single crystalline Si and GaAs single-junction solar cells [1] , efficiency limitations for single-junction solar cells are thought to be around 30%. III-V compound multi-junction and concentrator solar cells have great potential of more than 50% [2] , because 44% and 44.4% efficiencies have been already been demonstrated with InGaP/GaAs/InGaAsNSb 3-junction solar cell [3] and InGaP/GaAs/InGaAs 3-junction solar cell [4] . Therefore, concentrator photovoltaics are expected as one of high performance, low-cost and large-scale PV systems. The Europe-Japan Collaborative Research Project on Concentrator Photovoltaics (CPV) has been initiated under support by the EC (European Commission) and NEDO (New Energy and Industrial Technology Development Organization) since June 2011. Because high concentration PV has great potential of higher efficiency and lower cost [5.6] compared to conventional crystalline Si PV and thin-film PV as shown in Fig.2 , CPV has been selected as the EU-Japan collaborative research theme. The aim of this project is to accelerate CPV technology development and to promote very large scale deployment of CPV. The authors serve as leaders of Japanese and European teams. 7 0rganizations such as UPM, FhG-ISE Imperial College, BSQ, CEA-INES, ENEA, and PSE in Europe and 9 organizations such as TTI, Univ. Tokyo, AIST, Sharp Co. Daido Steel Co., Kobe Univ., Miyazaki Univ., Asahi Kasei Co., and Takano Co. participate in this project as shown in Fig.3 . The targets of this project are 1) to develop world-record efficiency CPV cells of more than 45%, 2) to develop worldrecord efficiency CPV modules of 35%, 3) to establish standard measurements of CPV cells and modules, 4) to install 50kW CPV system in Spain, to carry out field test of CPV system and to manage power generation of CPV systems, and 5) to develop high-efficiency and low-cost new materials and structure cells such as III-V-N, III-V-on-Si tandem, quantum dots and wells. This project (NGCPV Project; a New Generation of Concentrator PhotoVoltaic cells, modules and systems ) is aiming to accelerate the move to very high efficiency and lower cost CPV technologies and to enhance widespread deployment of CPV systems, as shown in Fig. 4 . This paper present outline of the NGCPV project and most recent results under the NGCPV project.
II. RECENT RESULTS Figure 5 shows structures and efficiency potential of next generation super high-efficiency III-V compound multijunction solar cells [7] . Under this project, world-record efficiency inverted epitaxially grown lattice-mismatched InGaP/GaAs/InGaAs 3-junction cells with efficiencies of 37.9% under 1-sun and 43.5% under 240-305-suns has been demonstrated by Sharp Co. [8] . Most, recently, 44.4% efficiency has been achieved with InGaP/GaAs/InGaAs 3-junction solar cell under around 300-suns by Sharp. Co. [4] .
In order to realize high efficiency lattice-mismatched InGaP/GaAs/InGaAs 3-junction solar cells, fundamental studies on buffer layer introduction [9] , thermal cycle annealing [5] , in-situ measurements [10] for strain relaxation and dislocation behavior in lattice-mismatched materials have been carried out. In order to realize high quality relaxed lattice-mismatched layers on GaAs or Ge substrates for super high-efficiency multi-junction solar cells, correlation between strain relaxation and dislocation behavior has been investigated. Figure 6 shows photograph and schematic illustration of MBE-XRD measurement system at beam-line 11XU of Spring-8. By using MBE-XRD system, in-situ X-ray reciprocal space mapping during InGaAs/GaAs(100) growth has been measured for the first time. shows film thickness dependence of residual strain and FWHM (full width at half maximum, measure of crystalline quality) determined by in-situ X-ray reciprocal space mapping during InGaAs/GaAs(100) growth. The dominant dislocation behavior such as (1) gliding of preexisting threading dislocations, (2) dislocation nucleation and gliding, (3) multiplication of threading dislocations, (4) dislocation annihilation by dislocation coalescence, in each lattice-miss-matched layer has been clarified [10] .
Knowledge obtained in this study [9, 10] is quite important to design the relaxed buffer layer structures with lower residual strains and lower dislocation densities. Really, worldrecord efficiency inverted epitaxially grown latticemismatched InGaP/GaAs/InGaAs 3-junction cells with efficiencies of 37.9% under 1-sun and 43.5% under 240-305-suns has been demonstrated by Sharp Co. [8] under this project. Most, recently, 44.4% efficiency has been achieved with InGaP/GaAs/InGaAs 3-junction solar cell under around 300-suns by Sharp. Co. [4] . Figure 8 shows fabrication process of inverted epitaxially grown InGaP/GaAs/InGaAs 3-junction solar cell. 978-1-4799-3299-3/13/$31.00 ©2013 IEEE Figure 9 shows structure and I-V curve of latticemismatched InGaP/GaAs/InGaAs 3-junction solar cell achieved by Takamoto et al. [8] . Such efficiencies have been confirmed by AIST and FhG-ISE. Daido Steel Co. [11] has also installed 50kW CPV systems in Spain in cooperation with European partners, as shown in Fig. 10 .
In addition, this project also contains fundamental research results such as epitaxial growth and defect analysis of III-V-N materials foe 4-, 5-junction applications, non-radiative recombination phenomena and solar cell properties of quantum-dot (QD) solar cells, round robin measurements of CPV cells and modules by the FhG-ISE and AIST, improvements in performance and reliability of CPV modules.
III. SUMMARY
Under the Project of the Europe-Japan Collaborative Research on Concentrator Photovoltaics, world record efficiency (37.9% under 1-sun) and high-efficiency (43.5% under 240-306 suns, most recently 44.4% under 300-suns) with inverted epitaxial grown InGaP/GaAs/InGaAs 3-junction concentrator solar cells have been achieved.
Concentrator photovoltaics are expected to be one of major high performance, low-cost and highly reliable PV systems because CPV cells have great potential of higher efficiency of more than 50% as shown in Fig. 11 [2] and lower cost potential [6] .. 
